Diffuse gliomas are the most common type of primary central nervous system (CNS) tumor in adults (1), and they have traditionally been classified as oligodendroglioma, astrocytoma, or oligoastrocytoma. World Health Organization (WHO) grade II and grade III oligodendrogliomas vary in mitotic activity and clinical outcome, with 10-year survival rates of 63 and 39%, respectively (1) . WHO grade II and grade III astrocytomas similarly differ in cellularity and clinical response, with 5-year survival rates of 47 and 27%, respectively (1). The oligoastrocytoma category, which traditionally represented 5 to 10% of cases, is increasingly falling out of favor given its low reproducibility. WHO grade IV astrocytoma, known as glioblastoma (GBM), is characterized by necrosis, hypercellularity, and a poor median survival of 15 months (1) . GBMs represent 55% of the adult diffuse glioma patient population. Median age at diagnosis is 45, 50, and 64 years for oligodendroglioma, astrocytoma, and GBM, respectively (1) , which means that the number of life years lost because of grade II and grade III gliomas is comparable to grade IV disease. Glioblastomas are standardly treated with surgical resection followed by concomitant radiotherapy and temozolomide. Clinical guidelines for treatment of lower-grade gliomas (LGGs) are less well standardized. Ionizing brain radiation can result in severe cognitive dysfunction, which is a major consideration for patients with relatively favorable prognosis. To overcome the lack of treatment options for glioma, large initiatives such as The Cancer Genome Atlas (TCGA) Consortium were established to perform comprehensive molecular characterization of a patient cohort sufficiently sized to produce statistically meaningful results.
MOLECULAR CHARACTERIZATION OF ADULT DIFFUSE GLIOBLASTOMA GBM was the first tumor type to be analyzed by TCGA. The first batches of TCGA data were generated around the time when I started a postdoctoral fellowship in the laboratory of M. Meyerson at the Broad Institute/Dana-Farber Cancer Institute. Our group, jointly with other TCGA analysis groups, detected somatic alterations in 206 GBM tumor samples, which showed that most GBMs have defects in three major pathways: (i) p53/stress response, (ii) Rb/cell cycle control, and (iii) receptor tyrosine kinase/Ras/phosphoinositide 3-kinase signal transduction (2) .
Although our results converged on three established cancer pathways, they also revealed extensive genomic intertumor heterogeneity. During my graduate training, I pioneered the unsupervised analysis of acute myeloid leukemia (AML) transcriptomic profiles. In these studies, we identified AML expression subtypes that coincided with the presence of leukemia gene fusions such as PML-RAR, CFPB-MYH11, and AML-ETO (3). Motivated by the results of this work, I applied an iterative consensus clustering method to group 202 GBM samples also included in the genomic analysis and identified four expression-based groups, which we labeled proneural, neural, classical, and mesenchymal. Annotating the subtypes with genomic abnormalities revealed convergence of transcriptional subtype with somatic alterations: PDGFRA amplifications and IDH1 and TP53 mutations were most frequently found in the proneural group, EGFR alterations were found in the classical group, and NF1 abnormalities were preferentially grouped with mesenchymal GBM (4).
After joining the faculty of the University of Texas MD Anderson Cancer Center in 2010, I continued my involvement with TCGA's GBM project. We expanded the molecular profiling data set to 600 GBM samples and used this large cohort to identify frequent mutations in chromatin-organizing genes, find different types of somatic alteration in EGFR in nearly 60% of cases, and refine the DNA copy number landscape. Expression classification of the full cohort identified associations between transcriptional subtypes and genomic alterations, including the amplification of MYC, SOX2, and CDK4 in proneural tumors and CCNE1 amplification in the classical subtype. We showed that the temozolomide response marker, MGMT methylation, is most accurate in the classical group but bears little sensitivity in the mesenchymal and proneural classes, a finding with potential clinical application. Our results reinforced subtype identity as a fundamental basis for classification of GBM (5) .
The importance of GBM expression subtyping was shown in a large number of followup studies. For example, IDH-mutant GBM samples were universally classified in the proneural group, showed relatively favorable survival and a characteristically distinct DNA hypermethylation profile, and provided evidence that GBMs harboring IDH1 mutations are secondary tumors, which originated as an LGG (6). Nf1 and Trp53/Nf1 mouse models recapitulating all subtypes and glioma cell line models from all expression classes have been reported, providing evaluation platforms for target discovery and preclinical validation. Expression classes correlate with differences in tumor growth properties as measured by the extent of contrast enhancement and hemodynamic imaging biomarkers, whereas genome markers do not. Response to the U.S. Food and Drug Administrationapproved antiangiogenesis inhibitors such as bevacizumab could only be predicted when considering subtype as a covariate (7). Since publication in 2010, the expression subtypes we discovered have become a point of reference for the glioma community.
LOWER-GRADE GLIOMA
Motivated by the heterogeneity in pathohistological diagnosis of LGG, the development of a classification method with clinical relevance became top priority for the TCGA LGG working group. The TCGA LGG data set included the multifaceted molecular profiles of 293 grade II and grade III oligodendrogliomas, astrocytomas, and oligoastrocytomas. I directed the working group analysis, which started with clustering of LGG samples using the DNA methylation, DNA copy number mRNA, and microRNA expression platforms. Each of these analyses resulted in subtypes that associated with outcome, histology, and molecular alterations. To identify the common molecular subtypes of LGG, we integrated the results of the individual platforms using a clustering of clusters analysis. This approach revealed three subtypes that were consistently found in each data set. Unexpectedly, the three subtypes were summarized by two well-known molecular markers: (i) IDH-wild-type LGG, with a GBM-like median survival of 1.7 years; (ii) IDH-mutant and chromosome 1p/19q co-deleted LGG, with a median survival of 8 years; and (iii) other IDH-mutant LGGs, with a median survival of 6.3 years. The spectrum of genomic abnormalities further separated the three molecular subtypes, with the IDH-wild-type LGG resembling the palette of GBM somatic alterations, the IDH-mutant/ 1p-19q codeletion group harboring uniform TERT promoter mutations and frequent mutations in 1p gene FUBP1 and 19q gene CIC, and the IDH-mutant non-codeletion class, showing no TERT promoter mutations but 75% ATRX mutations and 95% TP53 mutations (8) .
REVISING THE WHO CLASSIFICATION OF ADULT DIFFUSE GLIOMA Our studies showed that (i) IDH and 1p/19q status improved the classification of grade II/ grade III gliomas (8), (ii) IDH-mutant GBMs are hypermethylated (6), and (iii) IDH-wildtype
LGGs are hypomethylated (8) . Together, our results suggested that the separation of grade II/grade III gliomas from GBM is artificial, and a molecular study across glioma was urgently needed. I, therefore, initiated and supervised the TCGA pan-glioma analysis working group with the goal of analyzing and integrating the molecular and clinical profiles of gliomas across grades and histologies. The final curated data set contained 819 exomes, 932 methylomes, 1084 DNA copy number profiles, and 1045 gene expression profiles. The size of the patient cohort allowed the discovery of previously underappreciated somatic alterations, such as cohesion pathway alterations in 16% of glioma. Analysis of 141 glioma whole-genome sequencing data sets showed increased telomere lengths in ATRX mutant cases, which are predominantly IDHmutant LGG with unaltered 1p/19q. This data set allowed us to address longstanding questions such as whether IDH-mutant GBMs are molecularly similar to IDH-mutant LGG and whether IDH-wild-type LGG should be classified as GBM. Unsupervised grouping of glioma samples by DNA methylation profiles provided a clear answer: Tumor grade and histology had little effect on DNA methylation pattern. Instead, IDH mutation status and, secondarily, 1p/19q codeletion status were the main drivers of the clustering. Within the group of IDH-mutant gliomas, we identified a 6% subset characterized by a demethylator phenotype, which was associated with poor outcome. However, 5 of 10 recurrent gliomas similarly carried the demethylator pattern, suggesting that demethylation is a marker of glioma progression. Among IDH-wild-type gliomas, we detected a subset with a DNA methylation pattern reminiscent of pilocytic astrocytomas (PAs), which are pediatric grade I gliomas. The somatic abnormality spectrum of the PA subset showed enrichment for BRAF and other PA-associated genes, but independent re-review of the hematoxylin and eosin-stained pathology slides confirmed a diagnosis of adult grade II/grade III glioma. Despite their IDH-wild-type status, the PA-like subtype was associated with 5-year survival rates of more than 50%. Statistical analysis showed that a multivariate model considering grade, age, and DNA methylation subtype provided the optimal predictive model of patient outcome. Overall, our analysis identified seven subtypes of adult diffuse glioma, which differed in DNA methylation profile, somatic alteration spectrum, and patient characteristics including age and survival ( Fig. 1) (9) .
The molecular subtypes we distilled from the seven combinations of histology and grade lay the foundation for a reproducible and clinically relevant classification that incorporates molecular data into the pathological diagnosis. Results from us and others have motivated the 2016 revision of the WHO classification of CNS tumors, which now includes molecular markers in addition to pathohistology (10) . Optimal clinical classification saves patients from unnecessary side effects and motivates clinicians to provide the most aggressive therapy for those who need it. Our study marked the final chapter of the TCGA glioma group and a personal journey that has forever changed the research landscape of adult glioma.
